Deliquescence and efflorescence are the two most important physicochemical processes of aerosol particles. In deliquescence and efflorescence cycles of aerosol particles, many fundamental problems need to be investigated in detail on the molecular level, including ion and molecule interactions in supersaturated aerosols, metastable solid phases that may be formed, and microscopic structures and deliquescence mechanisms of aerosol particles. This paper presents a summary of the progress made in recent investigations of deliquescence and efflorescence processes of aerosol particles by four common spectral techniques, which are known as Raman/electrodynamic balance, Fourier transform infrared/aerosol flow tube, Fourier transform infrared/attenuated total reflection, and confocal Raman on a quartz substrate.
I. INTRODUCTION TO ATMOSPHERIC AEROSOLS
Although generally understood as colloidal systems of particles suspended in a gas, aerosols refer mostly to liquid or solid particles in atmospheric research [1, 2] . As an important component of the atmosphere, aerosol particles span four orders of magnitude from 0.01 µm to 100 µm in size, and can take part in many important physicochemical processes. Aerosol particles can absorb sunlight to cause direct radiative forcing, contributing significantly to regional and global climatic changes. Acting as cloud condensation nuclei (CCN), aerosol particles also play an important role in hydrological cycles in the atmosphere. Aerosols can further adsorb and concentrate air pollutants, provide the vehicles for gas/liquid and/or gas/solid interface reactions, and directly partake in many important chemical reactions. The chemical species in aerosol particles and/or on their surfaces may act as catalysts, determining the rates of some chemical and photochemical reactions. By the way of multiphase or heterogeneous chemical reactions relating to aerosols, human activities have led to the modifications of the chemical compositions of the atmosphere, which subsequently deteriorate the visibility and threaten public health.
II. DELIQUESCENCE AND EFFLORESCENCE CYCLES OF AEROSOLS AND RELATED PROBLEMS
The macroscopic properties of aerosols can be related to many microscopic physicochemical processes occur-ring between aerosols and the milieu, among which, deliquescence and efflorescence are the two most important ones [1] .
A. Phase transitions in deliquescence and efflorescence cycles of aerosols
Deliquescence is, by definition, the process in which solid particles take up water from the air with the increase of relative humidity (RH) and suddenly dissolve into aerosol droplets at RHs specific to various systems and conditions. By contrast, efflorescence is the process in which aerosol droplets lose water gradually with the decreases of RH and abruptly change into solid particles at specific RHs [1] . The uptake and loss of water with changing RH directly reflects the hygroscopic properties of aerosols. In deliquescence and efflorescence cycles, aerosol hygroscopic properties can largely fashion the size distributions, the radiation and precipitation properties, and the chemical reactivity of aerosol particles, affecting relevant physicochemical processes and ultimately changing the evolution of climate [1, 2] .
One typical hygroscopic curve of aerosols is shown in Fig.1 , which describes the hygroscopic properties of NaNO 3 aerosols in deliquescence and efflorescence cycles that were previously obtained by Tang et al. in their electrodynamic balance (EDB) experiments [3] . The relative water content in aerosol particles is expressed as water-to-solute molar ratio (WSR). In the efflorescence process, with decreasing the RH, NaNO 3 aerosols pass in turn through the saturation point (7 in Fig.1 ) and the efflorescence point (8 in Fig.1 ). Prior to the saturation point, aerosols are unsaturated droplets as indicated by 1, between the saturation and efflorescence points, aerosols appear as supersaturated droplets as indicated by 2, and below the efflorescence point, aerosols exist as solid particles as indicated by 3. In the deliquescence process, with the increase of RH, NaNO 3 aerosols remain as solid particles at low RHs prior to the deliquescence point (9 in Fig.1 ), when the uptake of water suddenly turns solid particles into saturated droplets. The deliquescence RH is, by theory, equal (but not necessarily) to the RH of saturation point [1, 4] . Below the deliquescence point, aerosols are solid particles (4 and 5 in Fig.1) , and above the point, solid particles dissolve into unsaturated droplets (6 in Fig.1 ).
The hygroscopic traces overlap with each other in the unsaturation region covered by 1 and 6, as well as the solid region covered by 3 and 4, in efflorescence and deliquescence processes, respectively.
B. Important problems in deliquescence and efflorescence cycles of aerosols
As shown in Fig.1 and discussed previously, steps from 1 to 6 correspond respectively to distinct physicochemical states and properties of aerosol particles. The scientific problems derived therein have aroused great interest of researchers in such diverse fields as atmospheric science, biology, and crystallography. Because unsaturated solutions can be prepared with ease, much has already been learned with respect to steps 1 and 6. However, in other regions, especially the supersaturated region and regions in the vicinity of deliquescence point, many important problems have yet to be investigated. These problems can be briefly summarized as follows.
Ion and molecule interactions in supersaturated aerosol droplets
Supersaturated states are ubiquitous in aerosol systems. In supersaturated aerosol droplets, complicated interactions usually occur between ions, molecules, and ion and molecules, giving rise to such problems as the structures and properties of ion pairs, and hydrogen bond structures of water molecules in extremely supersaturated solutions as well as the structures of aerosol gels. These complicated interactions are closely related to the hygroscopic properties of aerosol particles, affecting accordingly their physicochemical and optical properties. For example, the study of MgSO 4 aerosols in water uptake process disclosed the existence of serious mass transfer limitations at low RHs, which were believed to be caused by the formation of ion pairs [5, 6] . By using the Raman/electrodynamic balance (Raman/EDB) technology, Chan's group has probed the structures of ion pairs in supersaturated MgSO 4 droplets, and obtained Raman spectral evidence of complicated interactions like monodentate and bidentate contact ion pairs [6] . In addition, water probably does not hold bulk-like structures for aerosols in supersaturated states. For example, in supersaturated perchlorate droplets, water molecules have been found to occur mainly as monomers [7] .
Metastable solid phases that may be formed
In extremely supersaturated states, the solidification of aerosol droplets is mainly controlled by kinetic rather than thermodynamic factors. As a result, new crystals with novel structures are usually expected to form, and considerable defects may be found on the surfaces of solid particles. These metastable solid phases have unique microscopic structures and chemical properties, and their hygroscopic properties are also different from stable ones. For example, in the Raman investigations of Na 2 SO 4 aerosols, Tang et al. have observed the formation of Na 2 SO 4 crystals at low RHs instead of thermodynamic stable Na 2 SO 4 ·10H 2 O crystals [8] . In the imaginary deliquescence process conforming to thermodynamic models, Na 2 SO 4 crystals should be converted into Na 2 SO 4 ·10H 2 O crystals once the RH increase up to 81%, and then the aerosols deliquesce to form saturated droplets once the RH increase up to 93%, which is the deliquescence RH for Na 2 SO 4 ·10H 2 O crystals. However, experiments found that aerosol particles of Na 2 SO 4 crystals completely deliquesce at 84% RH to form saturated Na 2 SO 4 droplets. Similar observations have also been made for LiClO 4 , Sr(NO 3 ) 2 , and KHSO 4 aerosol particles [8] . Due to the lack of the knowledge for new species formation from supersaturated aerosols, deviations usually occur to varying extent in predictions made by many theoretical models of aerosol properties [1] .
When efflorescence or solidification occurs in aerosol particles, the stoichiometry of the formed solid (i.e. water-to-solute molar ratio) may not be equal to any crystals. Therefore, residual water can generally be found either in the inner parts or on the concave surfaces of effloresced particles. Atmospheric aerosols are mostly a mixture of solids and residual liquids rather than being totally dried, displaying complicated and diversified morphologies [9, 10] . Colberg et al. have proposed several possible structures for atmospheric aerosols as shown in Fig.2 [10] , which are a single crystal (I), an agglomerate of single crystals or a polycrystalline solid (II), a polycrystalline material with several open cavities filled with liquid (III), a solid polycrystalline shell with embedded liquid (IV), a solid single crystalline shell with embedded liquid (V), a single crystal with surrounding liquid (VI), a polycrystalline solid with surrounding liquid (VII), and a totally liquid aerosol particle (VIII), respectively. Theoretically, the surfaces are in higher concentrations with respect to the inner parts of aerosol droplets because of water evaporation, so that nucleation and crystallization probably start on the surfaces to enclose residual water in the particles. Therefore, structure (IV) should be preferred in atmospheric aerosols [11] . However, complicated morphologies can be found even for simple twocomponent aerosol particles. For example, both aerosol flow tube (AFT) [9] and electrodynamic balance (EDB) [12] investigations have confirmed the presence of residual water (probably in the concave parts) of crystallized NaCl aerosol particles. The solvent properties of the surfaces of NaCl aerosol particles as a function of RH have recently been characterized by the excitedstate absorption spectroscopy and ionization threshold measurements of coumarin 314 adsorbed on the particle surfaces [13] .
Deliquescence mechanisms of aerosol particles
In view of classic theories, with the increase of RH, aerosol particles usually deliquesce at the equilibrium RH of corresponding saturated salt solutions, when their mass abruptly increases, i.e. prompt deliquescence of aerosols [1] . However, nonprompt deliquescence has been observed by Hämeri et al. in their pioneering work on the hygroscopic growth behaviors of NaCl and (NH 4 ) 2 SO 4 ultrafine aerosols [14, 15] , and several models of aerosol deliquescence were accordingly developed, predicting either prompt or nonprompt aerosol deliquescence [16] [17] [18] [19] . In recent studies [20] [21] [22] , both deliquescence and efflorescence processes were investigated by Martin et al. for the aerosol nanoparticles of NaCl and (NH 4 ) 2 SO 4 . In contrast, prompt deliquescence was always observed. Due to the enormous difficulties involved, only tandem differential mobility analyzer (TDMA) has been used in their investigations.
The liquids contained in the fissures or concave parts of aerosol particles with complicated structures tend to take up water from the milieu prior to deliquescence RH, and aerosol particles grow accordingly in mass with increasing the RH. Pre-deliquescence of aerosol particles can thus occur [10] . Relevant investigations are of great importance, because heterogeneous reactions of aerosol particles can be seriously affected by surface liquid films [23] . More recent theoretical investigations further found that substrate can decrease significantly the deliquescence RH of deposited small NaCl aerosol particles, posing a potential corrosion problem for metallic substrates [24] . In contrast, the "annealing" accomplished by repeated exposure of a slab of NaCl crystal to RHs slightly lower than that of saturated solutions could reduce surface defects, and an increase of 10% in deliquescence RH was accordingly observed. This observation of the increase in deliquescence RH for NaCl crystal has been called "nucleated deliquescence" by Cantrell et al. to imply the requirement of surmounting the energy barrier for deliquescence [25] . Recently, molecular dynamics has been used to simulate the interface with two equal-sized slabs of solid NaCl and liquid water in contact, and it was concluded that the void fraction (including both bulk and surface defects) required to trigger dissolution varies between 15%-20% at 300 K and 101.3 MPa [26] . According to the above investigations, it seems that minimal surface defect fractions are required to initiate aerosol deliquescence.
III. APPLICATIONS OF IN SIT U FTIR AND RAMAN SPECTROSCOPY TO THE STUDY OF AEROSOL PARTICLES
Since the early days of atmospheric aerosol research, the changes of aerosol particles in electric mobility, light [27] . The surface structures and phase transitions at various RHs of aerosol particles could also be observed and investigated by AFM (atomic force spectroscopy) [28] . In addition, other methods such as optical microscope, differential scanning calorimetry (DSC) have also been used for the observation of aerosol phase transitions [1] . The spectral techniques of molecular vibrations, namely infrared and Raman, are well known as the two eyes for the observation of microscopic world, and can provide molecular information for aerosol particles on micron scale. These two techniques have played an important role in studying advanced topics, and found also wide applications in fields like atmospheric research and the study of dynamic processes. Infrared and Raman are complementary in the observation of molecular vibrations. Therefore, infrared and Raman investigations of deliquescence and efflorescence processes of aerosols can provide detailed information on molecular structures, deepening our knowledge on molecular level of the ion interactions in aerosols of various compositions and concentrations, and disclosing the molecular basis for hygroscopic properties of aerosols. In particular, a number of techniques such as electrodynamic balance (EDB), aerosol flow tube (AFT), attenuated total reflection (ATR), and optical levitation have been combined with infrared and Raman respectively to greatly expand the applications to aerosol research of the spectral techniques of molecular vibrations. Great achievements have already been made in understanding the hydrogen bond structures of water, the process of ion hydration, and the formation and interchange of various contact ion pairs, elucidating the structures of solid phases formed in efflorescence process, and getting a deep insight into the adsorption behaviors of water molecules onto the surfaces of solid particles and so on. These techniques will be introduced and discussed in detail in the following part of this paper, as well as the results and progress of their applications to the study of deliquescence and efflorescence processes of aerosol particles.
A. Raman in situ study of single levitated aerosol particles in deliquescence and efflorescence cycles It has been generally agreed that levitated aerosol droplets can depress both homogeneous and heterogeneous nucleation to perfectly simulate aerosols in a real atmospheric environment, so that metastable solids and/or supersaturated states occur frequently. This is very helpful for the study of physicochemical processes between aerosols and the milieu. For a long time, researchers have endeavored to produce and capture small particles through ultrasonic [29] [30] [31] , electric and optical levitations.
Eletrodynamic balance is a technique capable of capturing and levitating by electric field a single droplet or solid particle on micron order in a given environment, allowing accordingly for the investigations of metastable solids and supersaturated states in aerosols. The schematic diagram of an EDB is shown in Fig.3 . EDB was firstly used to study atomic electrifications by Paul and Steinwedel [32] , and was later extensively adopted for capturing single electriferous particles [33] [34] [35] .
Single particle levitation techniques integrated with in situ spectral techniques of molecular vibrations can provide molecular information on many aerosol physicochemical processes, conducive to elucidating on molecular level the hygroscopic properties and chemical reactions of aerosols, and have been widely used in atmospheric research and the study of dynamic processes. As early as 1987, Grader et al. had successfully focused an infrared ray on a single levitated (NH 4 ) 2 SO 4 aerosol particle captured and levitated by an EDB, and made some spectroscopic investigations [36] . In contrast to infrared, Raman combined with an EDB, i.e. Raman/EDB, has been amply reported to study aerosols. Shown in Fig.4 is a schematic diagram of a Raman/EDB [37] . For an electriferous particle levitated by an EDB in a given environment (N 2 at given RHs or other gases), the balancing voltage is proportional to its gravity. Therefore, for a small droplet with known chemical compositions at prefixed RHs, changes in RH in the sample cell of an EDB should be accompanied by corresponding changes in the balancing voltage against its gravity, and the composition of the droplet at certain RH can be accordingly determined. The Raman spectra of aerosol droplets with known solute concentrations have greatly advanced the study of ion interactions, metastable solid phases, and microscopic structures in deliquescence and efflorescence processes of aerosol particles. The applications of EDB as well as optical levitation technique combined with Raman spectroscopy to the study of important problems in deliquescence and efflorescence cycles of aerosol particles have made several contributions, as follows.
Spectroscopic investigations of the structures of contact ion pairs
The structures of contact ion pairs have always been one of the most fundamental topics, which are shared by many fields like solution chemistry, crystallography, biochemistry, electrochemistry and atmospheric aerosol chemistry, for which our knowledge is still presently very limited. In addition, spectral analysis of ion pairs has been hotly disputed for a long time. For example, even though it is possible for SO 4 2− to form solvent separated or contact ion pairs with metal ions in bulk solutions, the concentrations are too low and relevant spectral analyses are very controversial. A faint shoulder was reported to occur on the high frequency side of the SO 4 2− symmetric stretching band (981 cm −1 ), but no agreement has been reached on its assignments. Though Rull et al. agreed the faint shoulder was caused by cations, they also argued the asymmetric shape (caused by the shoulder) of SO 4 2− symmetric stretching band is due to the changes induced by cations of the rotational correlation times of the water molecules attached directly to SO 4 2− , instead of the proposed formation of contact ion pairs [38] . On the other hand, Rudolph et al. have directly estimated the percentage of contact ion pairs by using the area of the shoulder [39] .
The integration of single droplet levitation with in situ spectral techniques has ushered in a new chapter in the study of the structures of contact ion pairs. Heterogeneous nucleation is not favored for single droplets levitated in the air and with diameters ranging from several to tens of microns, which become extremely supersaturated with the decrease of RH. Cations and anions have difficulty forming full hydration layers in supersaturated droplets, allowing for the formation of large quantities of contact ion pairs with diversified structures. Favorable conditions can thus be created for spectroscopic investigations. By taking advantage of Raman/EDB technique, Tang and Fung have studied the deliquescence and efflorescence processes of Ba(NO 3 ) 2 , Sr(NO 3 ) 2 , and Ca(NO 3 ) 2 aerosol particles, respectively, and obtained the spectral evidences for the existence of contact ion pairs in supersaturated solutions [3] . Chan's group has used a Raman/EDB to systematically investigate the deliquescence and efflorescence processes of single MgSO 4 droplets [6] . According to the evolutions of SO 4 2− stretching vibrations in Raman spectra, some chain-like structures formed by contact ion pairs (bidentate) of MgSO 4 were proposed to account for the gel formation and mass transfer limitations in supersaturated MgSO 4 droplets. In particular, the formation of contact ion pairs has been correlated on molecular level with the turning point of the hygroscopic curve of MgSO 4 aerosols [6]. Chan's group has made further Raman investigations by changing RH of single sulfate droplets of alkali and alkaline earth metals, disclosing the formation conditions of diversified contact ion pairs and elucidating the novel metastable structures formed from supersaturated solutions [37] . Similar observations with the formation of contact ion pairs have also been made for some carboxylates with relatively simple structures. For example, Wang et al. have investigated the efflorescence processes of some acetates aerosols by using a Raman/EDB. Through the analysis of the Raman spectral evolutions of C−O and C−C stretching vibrations, the research confirmed the formation of contact ion pairs with monodentate, bidentate, and bridge bidentate structures by Mg 2+ and CH 3 COO − in supersaturated Mg(CH 3 COO) 2 aerosol droplets [40] .
Observations of water monomers in supersaturated droplets
The integration of single-droplet levitation with in situ spectral techniques has provided new opportunities for the study of water structures in supersaturated solutions. Chan's group has made in situ spectroscopic investigations of the deliquescence and efflo- [7] . Water monomers, which were previously observed only in the glassy states of perchlorates at low temperatures [41] , could be identified by the Raman features in supersaturated droplets at room temperatures. In addition, they have also elaborated on the incomplete hydration structures of three cations and the structural differences of hydrogen bonds in the first and second hydration layers.
Characterizations of supersaturated droplets with core and shell structures
Enrichment of anions on the surfaces of aerosols can have important implications for many atmospheric reactions [42] [43] [44] . The spatially resolved Raman spectra of single Mg(NO 3 ) 2 droplets were firstly obtained with using CCD (charge-coupled device) imaging technique. Heterogeneity and homogeneity between cores and shells could be found for supersaturated and diluted droplets, respectively [45] . Contact ion pairs with diversified structures were believed to characteristically distribute on the shells and in the cores, as well as in the medium of supersaturated Mg(NO 3 ) 2 droplets. Since fluorescent probe pyranine can differentiate between the states of water in solutions, i.e., free water and bound water [46] , Choi et al. have used it to study some aerosol droplets of inorganic salts by fluorescence spectroscopy combined with EDB [47, 48] . They found that the surfaces of NaCl droplets are enriched with bound water at low RHs, suggesting a core and shell structure. However, the relative amount of free water and bound water was further observed to oscillate spatially within NaCl droplets, therefore, even more complicated aerosol structures, which are difficult to describe by a normal core and shell structure, probably exist for NaCl droplets [47] .
Observations of the coagulation process of optically levitated particles
Reid's group has developed a novel method to control aerosol particles via light [49] [50] [51] [52] [53] . Figure 5 shows a schematic diagram of a 3-dimensional optical trap levitating a single particle by a beam of tightly focused light from a laser [51] . The forces exerted on a particle by the light restrict the motion of particles in all three axes, allowing the particle to be effectively immobilized. The position of a trapped particle can be moved by manipulating the light beam. By virtue of forming multiple optical traps from multiple light beams, multiple particles can be trapped and manipulated simultaneously. Combined with Raman spectroscopy, they have succeeded in studying mass and heat transfer dynamics of evapo- rating aerosol droplets [49, 50] , examining the temporal evolution of droplet size, composition and temperature [51, 52] , and observing the coagulation process between aerosol particles [53] . Single particle levitation techniques combined with Raman spectroscopy can be used to study the complicated interactions of ions and molecules in supersaturated droplets. However, strong morphology-dependent resonances (MDRs) can occur for single droplets, which have an impact especially on the wide O−H stretching band and make it very difficult for the study of water structures. Moreover, only the symmetric stretching bands with strong Raman signals of SO 4 2− , NO 3 − , and ClO 4 − and so on can be studied, and little can be known of the antisymmetric stretching vibrations capable of yielding further structural information of contact ion pairs. Therefore, infrared technique is needed to provide the complementary information on molecular level on atmospheric aerosols, especially the ion interactions in supersaturated droplets. into a widely used FTIR/AFT system [1, [54] [55] [56] . Because infrared and Raman respond complementarily to molecular vibrations, FTIR/AFT can make up for the gap uncovered by Raman/EDB and becomes an effective method. FTIR/AFT is generally composed of an aerosol generator, a RH-regulating and recording system, a pipeline system, and an infrared (IR) observation cell and so on [54] [55] [56] , as shown in Fig.6 . Aerosol generator can produce aerosol droplets from diluted solutions at given concentrations, which are then flown along with carrier gas with controlled RHs into the IR observation cell. With changing the RH, FTIR in situ study of aerosols can bring about new understandings on molecular level about the phase transitions (deliquescence and efflorescence) of particles as well as the supersaturated structures [54] [55] [56] [57] [58] [59] . By contrast to single particle levitation techniques, the results provided by FTIR/AFT are of statistic significance. With a temperature-regulating system being added, FTIR/AFT can be used to study the phase transitions of aerosols at different temperatures [60] [61] [62] [63] . In addition, FTIR/AFT has also been successfully used in in situ study of aerosol heterogeneous chemical reactions, such as the reactions between NO 2 and sea salt aerosol particles at various RHs [64] and the acid catalyzed heterogeneous reactions giving rise to the growth of organic aerosol particles [65] .
The study of deliquescence and efflorescence processes of aerosols by FTIR/AFT and Raman/EDB can yield complete information on molecular structures, advancing our understandings on molecular level of ion interactions in aerosol droplets and disclosing the hygroscopic properties of aerosols. By using FTIR/AFT in the study of deliquescence and efflorescence processes, the infrared spectra can be recorded of aerosol particles at various RHs. Meanwhile, the compositions of aerosol droplets at given RHs can be obtained by EDB experiments. Relating the infrared spectra of aerosol particles to their compositions can facilitate the spectral analysis and more quantitative results have been accordingly obtained. FTIR/AFT investigations of NaClO 4 aerosols have proved the formation of metastable anhydrous NaClO 4 at low RHs instead of thermodynamic stable NaClO 4 ·H 2 O, and further confirmed water monomers as major component in supersaturated NaClO 4 droplets [54] , consistent with Raman/EDB investigations [7] . According to the FTIR/AFT spectra of NaClO 4 aerosols at different RHs, dominant water structures can be observed to transform from monomers to incomplete hydrogen bonds and then to strong hydrogen bonds with increasing the RH. FTIR/AFT has also been used by Zhao et al. to study deliquescence and efflorescence processes of MgSO 4 aerosols [55] . Through the analysis of the infrared spectra and observations of the evolution of the hygroscopic curve of MgSO 4 aerosols, contact ion pairs with diversified structures were found to occur abundantly in supersaturated MgSO 4 droplets, and MgSO 4 gels were believed to form in sea water aerosol particles at low RHs. These findings are relevant to seawater aerosol characterization and maritime environment monitoring [55] . This technique can be also applied to other meaningful systems, and is suitable for the study of the hygroscopic process of organic aerosols and inorganic/organic mixed aerosols.
C. FTIR/ATR in situ study of deliquescence and efflorescence cycles of aerosols
In the early days when Harrick [66, 67] and Fahrenfort [68] independently designed their attenuated total reflection (ATR), some potentials of its applications had already been proposed, including the measurements of optical constants by a plotting method or through the application of Kramers-Kronig relation, which laid the foundation for many ensuing important explorations. With the steady improvement of internal reflection accessories, and the strengthening capability and growing popularity in routine analysis of FTIR spectrometers, ATR is also evolving rapidly and becoming increasingly mature. Therefore, though ATR historically expanded the applications of infrared spectroscopy, the improvements and popularity of FTIR spectrometers have reciprocally been providing a sound platform for ATR to play its full role [69] .
In the past two decades, ATR has been widely used to probe the molecular adsorption behaviors on the solid/liquid interfaces between salt solutions and clean ATR crystal surfaces, coated ATR crystal surfaces, and finely dispersed particulate matter in contact with ATR crystal surfaces, respectively [70] . In addition, ATR could also be used to study solid/solid interfaces, such as the buried interfaces in molecular junctions [71] . And in recent years, Max et al. [72] [73] [74] and Zhang et al. [75] [76] [77] have investigated many bulk solutions of electrolytes by FTIR/ATR, and extracted the hydration information of many ions like Na + , Mg 2+ , Zn 2+ , and ClO 4 − , making a unique contribution to the development of solution chemistry. In the late 1970s and early 1980s, ATR had already been used in the study of atmosphere aerosols [78, 79] . Specially designed ATR impactors were then used to collect aerosol samples in the atmosphere for off line analysis of chemical compositions. Some researchers have recently used ATR to identify the chemical compositions of aerosols collected on Teflon filters [80, 81] . More recently, the optical constants of mixed SO 4 2− -NO 3 − -NH 4 + aerosols under tropospheric conditions have been obtained by using ATR spectral techniques [82] . In addition, ATR has also played an important role in other aerosol relevant researches, such as the formation and structures of sulfuric acid and sulfuric acid monohydrate films as potential substrates for spectroscopic probes of the surface chemistry of atmospheric sulfate particles [83] , the surface compositions during the well-known reactions of nitrogen oxide gases NO 2 and N 2 O 5 with NaCl powders [84] , and the interactions of ozone at 296 K with unsaturated self-assembled monolayers [85] .
Study of deliquescence and efflorescence processes of aerosols by FTIR/ATR has rarely been reported in the literature, especially the physicochemical events occurring in aerosols as either supersaturated droplets or solid particles. Zhang's group has recently modified a standard ATR sample cell as the key unit of a FTIR/ATR aerosol experimental setup, which is shown schematically in Fig.7 , for the study of the deliquescence and efflorescence processes of atmospheric aerosol particles [86] [87] [88] . An ultrasonic atomizer was used to generate aerosol particles with diameters ranging from 1 µm to 5 µm. Guided by a vacuum pump, aerosol particles were then deposited on the surfaces of an ATR crystal and the amount could be controlled by monitoring the ATR spectra of aerosols. By changing the RH in the sample cell, the deliquescence and efflorescence processes could be investigated for aerosol particles. This method was used to collect the infrared spectra of NaClO 4 aerosols at various RHs, which were analyzed for the information of residual interfacial water in NaClO 4 particles [86] . In the investigations of efflorescence and deliquescence cycles, complicated morphologies in phase transitions of Mg(NO 3 ) 2 aerosol particles have been observed [87] . Optical distortions on ATR spectra of aerosols were further carefully examined and a method for measuring the optical constants of supersaturated aerosols have been proposed based on theoretical calculations and experimental designs [88] .
With a similar method, Grassian's group has also investigated the hygroscopic properties of several inorganic aerosols [89, 90] . In addition, they have further studied the reactions of CO 2 , HNO 3 , and NO 2 with mineral particles and soots by FTIR/ATR [91] and Knudsen Cell combined with FTIR [92] [93] [94] , respectively. In our unpublished results with the study of the molecular events occurring in the deliquescence and ef- florescence processes of NaNO 3 aerosol particles, it has been found that water molecules should be adsorbed to the surfaces of NaNO 3 crystals at low RHs, mainly in the forms of monomers and dimers, as shown in Fig.8 .
D. Confocal Raman in situ study of deliquescence and efflorescence cycles of aerosol particles deposited on a quartz substrate
Morphology-dependent resonances (MDRs) are inherent in Raman/EDB study of single levitated droplets of spherical shape, which randomly overlap with the spectral features resulting from the interactions relevant to ion pairs and make it difficult for detailed spectral analysis. As for the vibrations of SO 4 2− , only the symmetric stretching vibration υ 1 with strong intensity in Raman spectra can be analyzed on the information of various ion pairs, while the other three modes seriously affected by MDRs can not yield useful structural information [6, 37] . Recently, a novel method, i.e. confocal Raman in situ study of single aerosol droplets on a substrate, whose schematic diagram is shown in Fig.9 , has been reported by us to circumvent this problem [95] . According to this method, sample solutions were sprayed by a syringe and deposited on a quartz substrate situated at the bottom of a sample chamber. Due to greatly depressed homogenous nucleation, small droplets can attain some extent of supersaturation even when deposited on substrates [88] . In addition, aerosol droplets deposited on substrates are usually of half ellipsoid shape causing no MDRs. The sample cell connected directly with the RH-regulating pipeline was sealed with a piece of PE film and fixed on the manual platform of a microscope. The environmental RHs in the sample cell could be precisely controlled over a broad range by mixing and adjusting two flows of dry and water saturated nitrogen gases, and were monitored by a humidity temperature meter. Apparatus specifications and experimental procedures of this method have been detailed elsewhere [95, 96] . With decreasing the RH, monodentate contact ion pairs in supersaturated MgSO 4 droplets were observed to evolve and merge in sequence as bidentate and chainlike bidentate contact ion pairs, adding to our structural understanding of mass transfer limitations [95] . The species interactions in NaNO 3 aerosol droplets have also been investigated, especially the complicated con- tact ion pairs formed by Na + and NO 3 − as well as the structures of hydrogen bonds between water molecules in extremely supersaturated droplets [96] . The effects of different morphologies of solid NaNO 3 aerosol particles on distinct deliquescence processes have been further investigated to disclose the involved molecular mechanisms [96] .
IV. CONCLUSION
This paper has briefly reviewed the studies of deliquescence and efflorescence processes of aerosol particles by in situ FTIR and Raman spectroscopy. In particular, the four spectral techniques, i.e. Raman/EDB, FTIR/AFT, FTIR/ATR, and confocal Raman on a quartz substrate were highlighted with regard to their applications in the investigations of many important problems involved in deliquescence and efflorescence cycles of aerosol particles. With the rapid development of detection techniques and introduction of new spectral methods, it can be expected that related research will make even greater progress in the future.
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